The insulin effect following hypoglycemia was studied with the euglycemic clamp technique in seven healthy subjects. Following an initial euglycemic clamp hypoglycemia was induced and after glucose recovery a second clamp was performed. Glucose production (R.) and utilization (Rd) were studied with 13-3Hlglucose.
Introduction
The current emphasis in diabetes treatment is to achieve an optimal metabolic control. However, intensified treatment leads to an increased incidence of hypoglycemic episodes (1, 2) . It is well recognized that hypoglycemia is frequently followed by a period of hyperglycemia; the so called Somogyi effect (3, 4) . Hypoglycemia is normally overcome by the release of different counterregulatory hormones (5) (6) (7) (8) and these (9, 10) , as well as a relative insulin deficiency (1 1), have been proposed to cause the posthypoglycemic hyperglycemia. However, the relative importance of the individual counterregulatory hormones (catecholamines, glucagon, cortisol, growth hormone) is currently unknown although some evidence for the importance of catecholamines has been presented (9) . The time course for the onset ofaction is different for the various counterregulatory hormones.
The effect of f3-adrenergic agonists and glucagon appears to be rapidly induced whereas growth hormone has a lag phase of several hours before the insulin-antagonistic effect becomes evident (12, 13) .
The duration of the effect of these hormones is unclear. Although the effect of growth hormone appears relatively long-lasting it is not known if also the emergency hormones, like the catecholamines, can induce a protracted insulin-resistant state. The current study was, therefore, carried out to evaluate the effect of insulin on glucose turnover following a hypoglycemic episode. To characterize the importance of the different counterregulatory hormones, studies were performed with the 3-adrenergic antagonist, propranolol, and with somatostatin, which inhibits the release of glucagon and growth hormone during hypoglycemia.
Methods
Subjects. Seven healthy subjects, two females and five males, 24 to 28 yr of age were studied. All subjects were of normal weight, had normal fasting glucose levels, and lacked a family history of diabetes. None of the subjects took any regular medication. The characteristics ofthe subjects are shown in Table I . Informed consent was obtained from all subjects and the study was approved by the Ethical Committee of the University of Gothenburg.
Infusions. All infusions were made through a catheter placed in a cubital vein. Artenalized blood samples were drawn from the contralateral arm. Both arms were warmed with electric pads to increase the blood flow. Insulin (Actrapid, Novo, Denmark) was infused at a concentration of 0.1 U/ml in isotonic saline with 4 mg/ml albumin added to prevent glass adhesion. Glucose (200 mg/ml) was infused at variable rates in the same catheter as insulin. Potassium chloride (0.1 mmol/ml) was infused at a rate of 7 mmol/h to prevent hypokalemia. Propranolol (5 mg i.v. followed by 4.8 mg/h) and somatostatin (262 gg/h) was given in the same catheter as insulin and glucose. Rates of glucose appearance (R.) and disposal (Rd) were determined by the infusion of D-[3-3H]glucose (New England Nuclear, Boston, MA) dissolved in saline. A primed infusion of 25 uCi was given followed by a constant infusion of 15 MCi/h. Study design. The study design is summarized in Fig. 1 . Following constant infusion of D-[3-3H]glucose for 120 min to achieve isotopic equilibration, a euglycemic clamp (clamp I) was started with a primed insulin infusion for 10 min followed by a constant infusion of 0.5 mU/ kg. min during 120 min. Arterialized venous blood was used to measure the blood glucose concentration every 5 min with a reflectometer (Reflomat, Clinicon International, Mannheim, FRG). The rate of glucose infusion was adjusted to maintain euglycemia at 4.5 mmol/liter. The euglycemic clamp was performed for 120 min as reported previously (14). The glucose infusion was then stopped and the insulin rate increased to 2.5 mU/kg . min for 10 min. The insulin infusion was stopped after 10 min and the glucose levels were continuously determined during the hypoglycemia and the phase of glucose counterregulation. 90 min after stopping the insulin infusion, glucose was given for 10 min to achieve euglycemia (4.5 mmol/liter). After 10 min stabilization a second euglycemic clamp (clamp II), identical to the first, was performed. Each subject was studied four times in a randomized order; with infusion of saline (placebo), propranolol or somatostatin, and in a control study where Diagnostics, Stockholm, Sweden) and specific activity oflabeled glucose were taken before (at zero time), after 80 min and henceforth every 20 min. Blood samples for the determination of specific activity ofglucose, levels of insulin, catecholamines, glucagon, cortisol and growth hormone were kept on ice, rapidly centrifuged, and the plasma stored at -20'C until analyzed. Measurements of the specific activity of glucose were performed on deproteinized plasma. The samples were counted in a liquid scintillation counter (Packard Instrument Co., Downers Grove, IL) for 20 min. The insulin levels were determined by radioimmunoassay using Phadeseph Insulintest (Pharmacia Fine Chemicals, Uppsala, Sweden). Glucagon was assayed with antiserum E7 (15). This antiserum, which recognizes the carboxy-terminal region ofglucagon, has been characterized with antiserum 30K as reference (16). Catecholamines were determined by an isotope radioenzymatic method as modified by Eriksson et al. (17) . Calculations. The rates of glucose production (R.) and utilization (Rd) were determined by the method of primed constant tracer infusion (18) . This method assumes that rapid changes in the specific activity and concentrations ofglucose do not occur uniformly within the entire glucose pool. To compensate for nonuniform mixing, the nonsteady state term of the equation was multiplied by a correction factor (pool fraction) of 0.65 (19, 20) . During the glucose infusions the rate ofglucose production Time ,min [ 
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(W.) was calculated by subtracting the rate ofinfusion ofexogenous glucose from the tracer-determined total rate of glucose production. The total glucose utilization (Rd) for a given period of time could be estimated during the euglycemic clamps by adding the mean rate of the calculated endogenous glucose production during that period to the amount of glucose infused. As glucose infusion rate reached steady state during the second hour of each clamp, glucose production (R.) and utilization (Rd) during this period have been used in the calculations. Data are shown as means±SEM. Significances of differences were analyzed with analysis of variance.
Results
Hypoglycemic period Glucose levels. The glucose levels before induction of hypoglycemia, i.e., at the end of clamp I, were similar in all four studies (control 4.1±0.1, placebo 4.5±0.1, propranolol 4.2±0.1, somatostatin 4.3±0.2 mmol/liter). The glucose levels remained stable in the control group also during the higher insulin infusion rate (Fig. 2 a) . In the placebo study, glucose nadir (1.9±0.2 mmol/ liter) was reached 10 min after stopping the insulin infusion. Glucose recovery was unaltered by propranolol (nadir 1.9±0.1 mmol/liter) but impaired during infusion of somatostatin with both lower glucose nadir (1.5±0.2; P < 0.01 versus placebo) and more prolonged hypoglycemia (Fig. 2 a) .
Hormone levels. The insulin levels when the insulin infusion was stopped were similar in all four groups (control 132±8, placebo 121±7, propranolol 122±6, somatostatin 121±4 mU/liter). This was also the case during the recovery period (Fig. 2 a) .
The epinephrine, glucagon, cortisol, and growth hormone levels remained stable in the control study where euglycemia was maintained even though the insulin infusion was increased following clamp I (Figs. 2 b and c) . The epinephrine levels were higher during hypoglycemia in the propranolol as compared with the placebo group. The epinephrine levels were also slightly higher in the somatostatin group probably due to the more pronounced hypoglycemia in that study (Fig. 2 b) . The glucagon levels increased about threefold during the hypoglycemia in the placebo and propranolol groups, whereas the release ofglucagon was completely prevented by somatostatin. The cortisol levels increased to a similar extent in all groups. The growth hormone increase was more pronounced in the propranolol as compared to the placebo group. No increase in growth hormone levels were seen when somatostatin was infused (Fig. 2 c) 3 a). The effect of the hypoglycemia to induce an insulin resistance was only partly prevented by the infusion of somatostatin, as the percent reduction of SSGIR between clamps I and II was significant in both the somatostatin (23%) (P < 0.05) and the placebo groups (33%) (P < 0.01) when compared to the control group. However, no difference was found between the control and the propranolol groups (Fig. 3 a) .
Glucose production (R.) and utilization (Rd) were similar before clamp I in all groups (control 2.0±0. insulin resistance following the hypoglycemia was due to a less pronounced effect of insulin both to inhibit glucose production (decrease in R. impaired by 37%) and to stimulate glucose utilization (increase in Rd impaired by 6 1%). This insulin resistance was completely prevented by propranolol. The insulin-antagonistic effect of the hypoglycemia on Rd was less pronounced during infusion of somatostatin but the glucose disposal rate was not significantly different from that of the control group (Fig. 3 b) .
Hormone levels. The insulin levels were similar during clamp I in all groups (Fig. 4 a) . The insulin levels during clamp II were slightly, but not significantly, lower in the placebo than in the control group (Fig. 4 a) . However, the less pronounced insulin effect following the hypoglycemia in the placebo group was not due to the slightly lower insulin levels since the degree ofinsulin resistance, calculated as the ratio between the insulin levels and the SSGIR, was significantly higher in the placebo as compared to the control group (Fig. 4 b) . The epinephrine levels were similar during clamp I in all groups (Table II) . After the hypoglycemia the epinephrine levels had essentially returned to the initial concentrations during clamp II, except in the propranolol group where higher levels were seen. The norepinephrine levels were similar both before and during the two clamps in all groups (Table II) .
The glucagon levels were similar during both clamps in the control, placebo, and propranolol groups (Table II) . Infusion of somatostatin maintained the glucagon levels low throughout both clamps. The cortisol levels were similar in all groups (Table II) . The growth hormone levels remained elevated following the hypoglycemia and this elevation was, similar to epinephrine, more pronounced in the propranolol group. Infusion of somatostatin completely prevented any rise in growth hormone during the hypoglycemia (Fig. 2 c and Table II) .
Heart rate. The resting heart rate was similar in all groups (control: 51±3; placebo 56±5; propranolol 53±2; somatostatin 54±3 beats/min) and remained unchanged during clamps I and II. The heart rate increased during hypoglycemia but it was significantly (P < 0.001) lower during propranolol (50±4 beats/ min) as compared to placebo infusion (68±9 beats/min). The heart rate remained unchanged in the control group.
Discussion
The present study clearly shows that hypoglycemia is followed by a marked insulin resistance maintained for at least 2.5-3.5 hours after the restoration of normoglycemia. Hypoglycemic episodes are usually of short duration as the patients ingest carbohydrates to increase the glucose levels. The early posthypoglycemic insulin resistance found in the present study is, therefore, likely to be clinically important and to contribute to the hyperglycemia frequently seen in patients with type I diabetes following hypoglycemia.
Glucose counterregulation was not impaired by the infusion of propranolol in these healthy subjects while somatostatin caused a significant impairment as also previously reported (7, 21) . This is in marked contrast to type I diabetics who have a deficient glucagon release and where propranolol significantly impairs glucose counterregulation (22) (23) (24) . The higher epinephrine, glucagon, and growth hormone levels seen in the present study during hypoglycemia and concomitant propranolol infusion are in agreement with other recent studies (25) (26) (27) .
A reduced insulin effect on glucose metabolism can be due to an inability ofinsulin to inhibit splanchnic glucose production (Ra), to stimulate peripheral glucose utilization (Rd) or to a combination of both effects. In the present study hypoglycemia was followed by an attenuated insulin effect on both Ra and Rd. However, the most pronounced impairment was seen on the ability of insulin to stimulate peripheral glucose utilization (reduced by 61%). This is similar to our recent study ofthe effect of infused catecholamine on glucose metabolism (28) . In this context, it is important to point out that the insulin levels used in the present study during the clamps are clinically relevant as corresponding levels are frequently seen in patients with type I diabetes during both conventional insulin therapy and continuous subcutaneous insulin infusion (29, 30) .
Although propranolol did not alter glucose recovery following hypoglycemia, the (3-blocker completely prevented the posthypoglycemic insulin resistance. The ability ofpropranolol to prevent the posthypoglycemic insulin resistance was due to a normalization of the insulin effect on both glucose production and utilization. These findings are in agreement with our recent study where epinephrine was found to be an important modulator of the insulin effect on both these parameters in the presence of physiological insulin levels (28) . From a quantitative point of view, the most pronounced effect of epinephrine was to elicit an impairment of the insulin-stimulated glucose utilization (Rd). Infusion of propranolol completely overcame the effects of epinephrine (28) . Taken together, these findings corroborate the importance of fl-adrenergic stimulation for the posthypoglycemic insulin resistance.
The epinephrine, but not norepinephrine, levels were slightly elevated in all groups during clamp II. As this was not seen in the control study an effect of the increased insulin levels per se on epinephrine release or clearance can be excluded. The epinephrine levels were most markedly elevated in the group treated with propranolol. This is probably due to an impaired clearance rather than an increased release (25) (26) (27) . Although it is well known that epinephrine is able to reduce glucose tolerance in healthy subjects (31) , the elevations seen in the present study were probably much too small to make any significant contribution to the posthypoglycemic insulin resistance (32) . A more likely possibility is that the insulin-antagonistic effect of prolonged elevations ofcatecholamines is sustained. In vitro studies have shown the ability ofcatecholamines to inhibit insulin binding to both rat (33, 34) and human fat cells (35) and that this effect seems to become more pronounced with time (33 Infusion of propranolol completely prevented the early posthypoglycemic insulin resistance while somatostatin only exerted a partial effect. Taken together these findings indicate that both f3-adrenergic stimulation, glucagon and/or growth hormone can play a role. However, the catecholamine effect seems to be predominant. This is further supported by preliminary studies in IDDM, where the patients had impaired glucagon release (39). Also in these patients hypoglycemia elicited a marked insulin resistance that was mainly attributable to f3-adrenergic stimulation.
Growth hormone exerts an insulin-antagonistic effect on both glucose production and utilization ( 12) . However, this effect is not immediate but develops gradually after a lag phase ofseveral hours (13, 40) . This delay can be an important reason for the lack of any demonstrable effect of this hormone on the posthypoglycemic insulin resistance in the present study. Since also the insulin-antagonistic effect ofcortisol has a lag phase of several hours (41) further studies are required to elucidate the potential importance of growth hormone and cortisol in modulating insulin action at a later stage following hypoglycemia.
The endogenous insulin release is normally inhibited during an insulin-induced hypoglycemic episode. One possible explanation for the less pronounced inhibition of the hepatic glucose production following hypoglycemia in the placebo group could, thus, be a lower endogenous insulin secretion than in the control group. However, since the evaluation ofthe insulin effect during clamp II was performed more than 1 h after restoration of normoglycemia a sustained suppression ofthe insulin release seems very unlikely (42) . This is also supported by the finding that the peripheral insulin levels were similar during clamp II in both the placebo and the control groups.
In conclusion, the present study demonstrates that hypoglycemia is followed by a prolonged insulin resistance. This is due to an impairment ofboth the ability ofinsulin to inhibit glucose production and to stimulate glucose utilization. Propranolol is capable of completely preventing this effect of hypoglycemia that shows that fl-adrenergic stimulation is of major importance for the development ofthe insulin resistance, at least in the early phase. 
